Plant-bacteria interactions: identification, characterization and localization of beneficial bacterial endophytes isolated from Vitis vinifera cv. Glera by Nigris, Sebastiano
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ORIGINAL ARTICLE
Identification of culturable bacterial endophyte community isolated
from tissues of Vitis vinifera “Glera”
E. BALDAN1, S. NIGRIS1, F. POPULIN1,2, M. ZOTTINI1, A. SQUARTINI2, & B. BALDAN1
1
Dipartimento di Biologia, Universita` degli Studi di Padova, via U Bassi 58/B, 35131 Padova, Italy and
2
Dipartimento DAFNAE – Department of Agronomy Food Natural Resources Animals and Environment, Universita` degli
Studi di Padova, Viale dell’Universita` 16, 35020 Legnaro (PD), Italy
Abstract
Endophytes are micro-organisms that colonize the internal tissues of plants without inducing signs of negative effects and that
can provide benefits to plant health and yield. In the present work, the culturable bacterial endophyte community, colonizing
vegetative organs of grapevine, was isolated from surface-sterilized plant tissues and characterized by molecular methods.
From roots, shoots and leaves of Vitis vinifera “Glera”, located in six different vineyards throughout the Conegliano-
Valdobbiadene DOCG area (Veneto, Italy), 381 culturable strains were successfully isolated; amplified ribosomal DNA
restriction analysis and nucleotide sequencing showed that approximately 30% of the endophyte community belonged to the
genus Bacillus, which was the most represented; other genera such as Staphylococcus, Microbacterium, Paenibacillus,
Curtobacterium, Stenotrophomonas, Variovorax, Micrococcus and Agrococcus were identified. Endophyte community
composition within each vine was different in respect to other endophyte populations living in grapevine plants coming
from different vineyards; moreover, the bacterial composition changed depending on the season of sampling. The above data
highlight the great diversity of culturable bacterial species inhabitingGlera grapevines and open the way for a characterization
and selection of strains that could potentially be used to improve the vineyard management for plant growth and yield, plant
responses to stresses, biocontrol and biofertilization.
Keywords: ARDRA, culturable bacteria, endophyte, grapevine, plant–microbe interaction
Introduction
Plants usually associate with naturally occurring
micro-organisms. One example is the mutualistic
interaction established between leguminous plants
and rhizobia, in which bacteria concur to the
formation of a narrow niche, where they are
supplemented with nutrients while the host plant
receives the fixed nitrogen (Muresu et al. 2011).
Plant–bacteria associations give beneficial effects
increasing plant growth, and improving plant
responses to biotic and abiotic stresses. This mutual
beneficial interaction is seen as the result of positive
selection exerted on the association between bacteria
and plants (Hardoim et al. 2008).
Rhizosphere, the soil portion surrounding roots,
is inhabited, among others, by micro-organisms
defined plant growth-promoting bacteria (PGPB)
and plant growth-promoting rhizobacteria (PGPR).
It has been demonstrated that they can accelerate
seedling emergence and promote plant growth and
yield (Fibach-Paldi et al. 2012). They can act as
biocontrol agents to manage plant pathogens and are
also able to potentiate the plant responses to abiotic
stresses (Lugtenberg & Kamilova 2009; Hayat et al.
2010). In addition, they may help to remove
chemical pollutants, solubilize phosphate or contrib-
ute to nitrogen uptake by plants. PGPB and PGPR
bacteria can colonize the inner tissues of plants;
when this occurs they become endophytes. The
generic term refers to all those micro-organisms
(bacteria or fungi) that colonize the internal parts of
plants and that can be isolated from various surface-
sterilized plant organs. Endophytes do not induce
external signs of infection nor negative effects on
their host (Schulz & Boyle 2006; Ryan et al. 2008).
Several studies indicate that endophytic bacteria,
after colonization, spread and inhabit plant inner
q 2014 Societa` Botanica Italiana
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tissues moving in the intercellular spaces and inside
vascular elements; they are reported to colonize
different host species suggesting a ubiquitous
existence in almost all plants (Jacobs et al. 1985;
Hurek et al. 1994; Di Fiori & Del Gallo 1995; Ulrich
et al. 2008). Plants can harbour simultaneously a
large variety of endophytic bacteria featuring both
Gram-positive and Gram-negative bacteria that
include genera within Alpha-, Beta- and Gamma-
proteobacteria, Actinobacteria, Firmicutes and Bac-
teroidetes (Lodewyckx et al. 2002; Bacon & Hinton
2006; Ulrich et al. 2008).
The interest in endophytic bacteria has arisen in
the last years due to the discovery of numerous
possible applications, either using the micro-organ-
isms themselves or for their natural products
(Compant et al. 2012). Being a relatively new field,
endophyte produces a large reservoir of useful
molecules. Most of the produced secondary metab-
olites can be used in the pharmaceutical industry for
the production of natural antimicrobials (antibac-
terial and/or antifungal) and anticancer molecules
and in agriculture as biological control agents (Ryan
et al. 2008).
In Italy and particularly in Veneto Region, the
cultivation of the grapevine has a considerable
economic importance due to renown quality wines.
The major biotic stresses that threaten the cultivation
of Vitis vinifera are pathogenic fungi that have
negative effects on product yield and wine quality.
In agriculture, biological control is considered a
valid alternative to the use of pesticides/fungicides to
decrease the negative impact that currently these
chemicals pose to the environment. Little is yet
known about grapevine endophytes; however, recent
studies reported the presence of endophytes able to
stimulate growth and increase the resistance of Vitis
to the pathogenic fungus Botrytis cinerea (Magnin-
Robert et al. 2007; Schoonbeek et al. 2007; Trotel-
Aziz et al. 2008; Loqman et al. 2009; West et al.
2010; Verhagen et al. 2011; Compant et al. 2012).
The putative beneficial effects of this plant–
endophytic bacteria association and their causes are
currently unknown. The present work is part of a
project, in collaboration with the “Consorzio per la
Tutela del Conegliano-Valdobbiadene DOCG” with
the aim of characterizing the diverse micro-organ-
isms that colonize Vitis vinifera “Glera”. We chose a
major biovar within the winemaking context, the
Prosecco grapevine cv. Glera, and sought to acquire
detailed knowledge of the composition and fluctu-
ations of the bacterial community colonizing its
vines, via isolation and molecular identification of
culturable endophytes.
Our choice to focus on the culturable fraction is
justified by the fact that the ultimate purpose of the
project is to isolate and classify beneficial endophytic
bacterial strains which could be eventually batch-
cultured for biotechnological production of inocu-
lants; bacterial endophytes are well known to
promote plant growth and to alleviate pathogenic-
induced diseases (Hallmann & Berg 2006; Hardoim
et al. 2008), they are also potential sources of
molecules able to elicit plant defences or to display
antimicrobial activities (Pe`rez-Garcı`a et al. 2011).
Thus, the use of cultivable micro-organisms or their
useful secondary metabolites is mainly envisaged to
favour plant nutrient acquisition, plant health and
protection against pathogens. Recently, different
groups have highlighted the emerging role of
beneficial microbes also in viticulture practices
(Bulgari et al. 2011; Compant et al. 2012). These
bacterial properties are very interesting as the
combination of different strains and/or released
Figure 1. Map of the sampling sites: the chosen vineyards are located in the Conegliano Valdobbiadene area, North-East of Italy (star);
vineyard 1, Pescatori farm; vineyard 2, Conte Collalto farm; vineyard 3, Carmina farm; vineyard 4, Marchiori farm; vineyard 5, Rolle farm
vineyard 6, Ruggeri farm.
2 E. Baldan et al.
D
o
w
n
lo
ad
ed
 b
y
 [
U
n
iv
er
si
ta
 d
i 
P
ad
o
v
a]
 a
t 
0
7
:1
5
 2
7
 M
ay
 2
0
1
4
 
metabolites can support or replace the use of
pesticides in vineyards, reducing chemical loads
towards the environment.
Materials and methods
Plant material and study sites
Twelve plants of Vitis vinifera “Glera”, from six
different vineyards, situated in the Conegliano-
Valdobbiadene (Italy) wine area (Figure 1), were
non-destructively sampled twice (explants have been
made without killing plants), on May 2011 and
October 2011. According to the experimental design
of West et al. (2010), segments of roots, shoots and
whole distal leaves were collected.
Bacterial endophyte isolation
Grapevine sampled portions were surface-sterilized,
using a modified method from West et al. (2010), by
immersion in ethanol 70% for 1min, sodium
hypochlorite 1.5% for 3min and rinsing with sterile
water five times. To check the external surface
sterility, aliquots of water from the last rinsing were
plated on Nutrient Agar (Oxoid). Surface-sterilized
tissues were aseptically ground in a mortar; a loopful
of the ground tissue suspension and serial dilutions
were plated on Nutrient Agar and incubated at 308C
for at least 2 days. One half of the sample was used for
isolation of culturable bacteria and the other was
stored at 2808C for subsequent DNA extraction.
Culturable bacterial colonies, originated from
incubated ground tissue suspensions,were determined
by standard plate counting method: 100ml of each
dilution was plated in triplicate onto Nutrient Agar to
develop aerobic heterotrophicmicro-organisms. Plates
were incubated at 308C and culturable cells were
counted after 48h.Moreover, colonymorphologies (e.
g. shape, colour, margin and elevation) were evaluated
as first basis for isolates sorting.
Bacterial DNA extraction and taxonomical identification
of endophytic isolates
To extract genomic DNA, a bacterial loopful was
suspended in 50ml of lysis solution (0.05M NaOH,
0.25% SDS). After stirring for 60 s, samples were
placed at 958C for 15min and centrifuged for 10min
at 14,000 rpm. A 1:10 dilution of the samples in
sterile MilliQ H2O was done. Lysates and dilutions
were maintained at 2208C.
One microlitre of the 1:10 dilution of lysate
containing the DNA extracted from samples was
treated in an Eppendorf Termal cycler using the two
16S rDNA-targeted universal bacterial primers 63F:
50CAGGCCTAACACATGCAAGTC(Marchesi et al.
1998) and 1389R: 50ACGGGCGGTGTGTACAAG
(Osborn et al. 2000) in a 25-mL reaction volume.
The following program was applied (Carletti et al.
2009): initial denaturation at 948C for 2min; 35 cycles
at 948C for 30 s, 548C for 1min, 728C for 90 s and a
final extension at 728C for 5min. The PCR reaction
mixture contained 20mM Tris–HCl (pH 8.4),
50mM KCl, 2.5mM MgCl2, 0.2mM of each dATP,
dCTP, dGTP and dTTP, 200mMof each primer and
1U Taq DNA Polymerase (Amersham Biosciences,
Little Chalfont Bucks, UK). Five microlitres of the
amplicons was checked by electrophoresis on 1%
agarose GelRed-stained gel (Biotium, Inc., Hayward,
CA, USA, 10,000 £ ). Aliquots (10ml) of the 16S
rDNA amplicons were digested overnight at 378C
with 20U of the restriction endonuclease Hae III and
Rsa I (Invitrogen, SIGMA, St Louis, MO, USA),
respectively. Fragments were separated by 1.5%
agarose gel electrophoresis, run for 2 h at 110V. The
GelRed-stained gel was visualized by an UV
transilluminator and photographed by a GelDoc XR
(BioRad, Hercules, CA, USA).
16S rDNA nucleotide sequencing
One microlitre of crude lysate (or of its 1/10 and
1/100 dilutions) was treated in an Eppendorf Termal
cycler as described above (Tondello et al. 2011). To
obtain 16S sequences, the template and the primer
mix were directly used for di-deoxy-cycle DNA
sequencing with fluorescent terminators (Big Dye,
Perkin-Elmer/Applied Biosystems, Foster City, CA,
USA) and run in an Applied Biosystems ABI Prism
3730XL automated DNA sequencer. Chromato-
grams were analysed by the Chromas 2.23 software
(Technelysium Pty Ltd, Tewantin, Australia).
Sequences were fed into the BLAST window of the
NCBI on line platform (http://www.ncbi.nlm.nih.
gov/) and the top homologies against available
sequences in worldwide databases were obtained.
Phylogenetic analysis
Cluster analysis of the community amplified riboso-
mal DNA restriction analysis (ARDRA) electro-
phoretograms was plotted as a neighbour-joining tree
via the Dice correlation coefficient by using the
BioNumericsw software algorithms (Applied Maths
Inc., Kortrijk, Belgium).
Results
The 12 selected plants of Vitis vinifera L. “Glera”
from six different vineyards, located in the Con-
egliano-Valdobbiadene area (Figure 1), were
sampled in May 2011 and in October 2011 harvest-
ing roots, leaves and shoots separately. In the second
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sample, only upper parts of the plant (leaves and
shoots) were considered due to the encountered
difficulties of thoroughly sterilizing the root surfaces.
Morphological aspects as texture, shape, margin
elevation and pigmentation of colonies were con-
sidered to sort the cultured bacterial strains (Table I).
Based on these parameters, the majority of 381
culturable isolates were found to belong to a limited
set of bacterial types.
The graph in Figure 2 shows the number of
colony forming units (CFU) obtained per gram of
plant tissue explanted from leaves, stems and roots,
sampled from the six different vineyards. Almost all
the tissues analysed hosted culturable endophytic
bacteria. In particular, the root harboured the
highest number of CFU, while the number of CFU
isolated from leaves and shoots were notably lower
and in some cases absent. The surface sterilization of
grapevine roots proved to be very problematic as the
plate-touch controls of the material prior to tissue
maceration often tested positive, indicating an
incomplete elimination of bacteria derived from
external soil particles. For this reason, it was
prudentially held that bacteria isolated from the
root could be partly accounted for by rhizoplane or
rhizospheric bacteria. Thus, in the second sampling,
only aerial parts (leaf and shoot) of the plants were
taken (Figure 3). The graph shows, in both sampling,
the number of CFUg–1 FW isolated from leaves. It
can be observed that the content of endophytes, in
leaves of the same plant, varied depending on
sampling and season. The number of isolated
endophytic strains also varied from vineyard to
vineyard. In order to group the isolates of the
endophytic bacterial community according to their
taxonomy, the ARDRA profiles of the leaf isolated
colonies were evaluated. This analysis was carried
out by using two different restriction enzymes
(Compant et al. 2011) to perform a fast screening
based on taxonomical differences and the analysis
was repeated twice to increase the reliability of the
results.
The obtained restriction profiles were analysed by
the software BioNumericsw that provides cladogram
resolving operational taxonomic unit (OTUs) out of
the analysed isolates (Vollu´ et al. 2012).
Based on the similarity dendrogram, 108,
different OTUs have been identified and a strain
from each of the most representative OTUs
(neglecting the rare OTUs, composed by less than
three candidates) was selected for DNA sequencing.
All obtained sequences were compared against the
NCBI database using the BLASTN algorithm to
assess the taxonomical structure of the culturable
endophytes bacteria isolated from Glera. In total, 32
strains representing 27 different major OTUs were
Table I. Phenotypic characteristics for bacterial colonies isolated from selected grapevine plants within different vineyard.
Colony color Colony transparency Surface texture Margin Elevation No. colony
White Light Smooth Entire circular Raised 127
White Light Irregular Entire circular Flat 101
White Opaque Irregular Entire circular Flat 48
White Smooth Punctiform Raised 36
Yellow Light Smooth Entire circular Raised 26
Orange Light Smooth Entire circular Raised 25
Yellow Opaque Irregular Entire circular Flat 10
Transparent Punctiform Flat 9
Pink Light Smooth Entire circular Raised 1
Figure 2. Endophyte quantification of the first sampling on May 2011: the amounts of endophytes isolated from tissues (root, leaves and
shoot) of chosen grapevine plants in vineyards are expressed as log of cell number per gram of organ FW. Values are the mean of three
replicates and standard deviations are shown.
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sequenced. The data presented in Table II show that
approximately 30% (113/381) of the endophyte
population belonged to the genus Bacillus, which was
the most represented; other genera such as Staphy-
lococcus, Microbacterium, Paenibacillus, Curtobacter-
ium, Stenotrophomonas, Variovorax, Micrococcus and
Agrococcus were identified. To infer how the
communities of endophytic bacteria could vary in
different seasons, comparisons were made between
the two samplings within each vineyard, considering
only the leaves and the shoots. As reported in Table
III, a certain dynamics of microbial communities can
be noticed. A fluctuation can be observed in the
number of endophytic bacteria isolated and in the
variability of the genera isolated from the two
samplings within the same vineyard.
The variation in the composition of the commu-
nity is particularly interesting in the case of the
vineyard “Carmina”, in which there was a clear
replacement of the genus Bacillus with the genus
Curtobacterium between first and second samplings.
Also, the vineyard “Pescatori” presented a high
variability of the recorded strains in the first sampling
compared with the second sampling in the same
vineyard, and with the other vineyards (Table III).
Discussion
In the present work, we report for the first time the
culturable endophyte population colonizing Glera,
the most widely cultivated grapevine in the “Con-
egliano-Valdobbiadene DOCG” area for the pro-
duction of Prosecco wine. The investigation was
focused exclusively on the culturable endophytes,
being aware that only 10–15% of a bacterial
endophyte community can be cultivated (Hallmann
& Berg 2006). Recently, indeed, to evaluate the
microbial diversity of bacteria in different plant
species, including Vitis vinifera, molecular
approaches have been used independent from colony
cultivation, which made possible to identify the
overall endophytic communities (Saito et al. 2007;
Ulrich et al. 2008; Ikeda et al. 2010; West et al. 2010;
Reinhold-Hurek & Hurek 2011; Sessitsch et al.
2012). The number of CFUs obtained per gram of
plant tissue explanted and the distribution of
culturable strains depended on the sampled tissue
origin (leaves, shoot or roots). Root tissues yielded
the highest numbers of colonies, while the numbers
of CFU isolated from leaves and shoots were notably
lower and in some cases equal to zero. These
observations are in agreement with results reported
forVitis vinifera “Chardonnay” vineyards of Australia,
by West et al. (2010), and for vineyards of the
Austrian National Park (Compant et al. 2011).
Those authors, considering both non-culturable and
culturable endophytic strains, indicated a decrease in
the bacterial population from underground to aerial
parts of grapevines, which confirmed previous
studies in other endophyte-colonized plants (Hall-
mann & Berg 2006).
The culturable endophytic bacterial community
of Glera grapevine featured 10 major genera which
represented 65% of the isolates. Here, 30% of the
identified strains were ascribed to the genus Bacillus,
whose presence has recently been described in the
cultivation of Australian “Chardonnay” and Austrian
grapevine (West et al. 2010; Compant et al. 2011). It
is interesting and perspectively advantageous, from a
practical point of view, that the genus Bacillus is the
most representative as much information is available
on species belonging to this genus which have already
been used in agricultural applications (Ongena &
Jacques 2007; Pe´rez-Garcı´a et al. 2011); endophytes
belonging to the genus Bacillus are also known for
their ability to colonize the internal tissues of many
crop plants such as corn, potato, citrus fruits,
tomato, rice and poplar (Hallmann & Berg 2006;
Rosenblueth & Martinez-Romero 2006; Sun et al.
2008; Taghavi et al. 2009). The presence of the
genera Staphylococcus, Microbacterium, Paenibacillus,
Curtobacterium, Stenotrophomonas and Variovorax in
Figure 3. Endophyte quantification of the first and second samplings concerning only epigean tissues: data are expressed as log of cell number
per gram of leaf FW. The values are the mean of three replicates and standard deviations are shown.
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Table II. Taxonomical assignment of the Endophytic bacterial strains cultured from different grapevine tissues.
Phylum Class N. of OTUs N. of strains % tot NCBI species %ldenty
1 3 0.89 Agrococcus baldri NR_041543 99
2 5 1.48 Curtobacterium flaccumfaciens NR_025467 93
1 4 1.18 Microbacterium flavum NR_041562 98
1 3 0.89 Microbacterium laevaniformans NZ_AJGR01000262 98
7 20 5.92 Micrococcus luteus NR_037113 99
Actinobacteria Actinobacteria 12 35 10.36
20 73 21.60 Bacillus sp. NZ_AGJD01000017 98
2 5 1.48 Bacillus idriensis NR_043268 100
4 10 2.96 Bacillus herbersteinensis JF798351 97
3 8 2.37 Bacillus pumilus AG BY01000039 100
1 2 0.59 Bacillus safensis FO-36b NR_041794 99
1 2 0.59 Bacillus simplex NRJ042136 100
1 10 2.96 Bacillus siralis NR_028709 99
1 3 0.89 Bacillus thuringiensis NZ_ACNL01000301 98
1 1 0.30 Lysinibacillus fusiformis NR_042072 98
5 14 4.14 Paenibacillus lautus NR 040882 99
1 6 1.78 Paenibacillus massiliensis NR_029098 99
Firmicutes Bacilli 40 134 39.64
5 19 5.62 Staphylococcus epidermidis NR_036904 100
Cocci 5 19 5.62
3 11 3.25 Mesorhizobium albiziae NR_043549 98
Proteobacteria Alphaproteobacteria 3 11 3.25
1 10 2.96 Variovorax paradoxus NR_036930 99
Betaproteobacteria 1 10 2.96
1 1 0.30 Pantoea ananatis NR_026045 99
2 8 2.37 Stenotrophomonas rhizophila NR_028930 98
1 3 0.89 Stenotrophomonas maltophilia NR_041577 96
Gammaproteobacteria 4 11 3.25
43 118 34.91
Other Other 43 118 34.91
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Vitis vinifera confirms recent published data (West
et al. 2010; Compant et al. 2011). In the present
work, the genus Burkholderia was not detected, in
contrast to what was found by West et al. (2010) and
Bulgari et al. (2011) who have made studies on Vitis
vinifera “Chardonnay” and “Barbera”, respectively.
This difference could be due to the cultivars
analysed, to the composition of the soils in which
they are grown and to other environmental factors.
Micrococcus and other genera such as Agrococcus were
also isolated. These are not reported in the literature
as Vitis endophytes, but they are well known in other
crops such as tomato, corn and potato (Hallmann &
Berg 2006).
Interestingly, we found that the composition of
representative genera of bacterial endophyte popu-
lation in the second sampling (after the grape
harvesting) was quite different in comparison with
the first sampling (immediately after the second leaf
emergence).
The observed variability could be explained (a)
by seasonality, which causes a normal fluctuation in
the composition of soil bacteria; (b) by the difference
of pedoclimatic zones in the Conegliano-Valdobbia-
dene DOCG area where samples were executed; (c)
by the developmental stage of the plant, which,
according to the specific plant demands, recruits
different endophytes; and (d) by the agronomic
practices adopted by the owners of the different
vineyards including treatments to soil and/or plants.
A number of studies indeed reported the effects of
pesticides or chemical fertilizers on the community of
soil bacteria (Buchanan et al. 2010; Gwenae¨l &
Vuilleumier 2012) and on phyllosphere communities
(Bulgarelli et al. 2013). Changes in the soil
composition and texture due to these impacts could
also influence bacterial dynamics and their associ-
ation within the endophytic community in grapevine.
For instance, vines from vineyard Pescatori, where
we recorded the highest endophyte variability, were
submitted to four treatments against Peronospora and
Oidium before the first sampling, while, in the frame
time comprised between the two samplings, a diverse
fungicidal product was administered (personal
communication). Despite the shortage of infor-
mation about the chemical treatments in the other
five vineyards, we can assume that one possible
explanation for the population diversity could be a
massive use of fertilizers and/or pesticides that are
known substantially alter the composition of
microbial communities in diverse plant species
(Hussain et al. 2009; Gwenae¨l & Vuilleumier
2012). Furthermore, environmental stress can be
the cause for which plants may select different
endophyte communities (Siciliano et al. 2001).
Thus, the alternation of different bacterial popu-
lations may reflect specific interactions betweenT
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bacteria, host plant and rhizospheric environment,
which change through sampling seasons, being at the
same time exposed to the shaping impacts of
treatments inherent to the crop management.
The now available identified collection of cultur-
able isolated strains paves the way for future work
including a screening for pathogen antagonism,
antimicrobial and/or antifungal abilities in vitro:
moreover, a biochemical and a physiological charac-
terization of their metabolic traits and potential PGP
activities will be envisaged. The results from these
different approaches will be the basis of future work
testing the anti-microbial/fungal phenotypes in vivo
along with their aptitude to re-inoculation, coloniza-
tion and systemic movement within the plant tissues.
Understanding these aspects will open practical
perspectives of application and deepen our view on
the “cross-talk” between plants and the bacteria that
live in them. Knowledge of the microbial commu-
nities, which colonize the grapevine, could make
possible innovative and environmental friendly
applications in this important market sector, using
in vineyards some selected strains as biocontrol
agents and/or biofertilizers.
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
59 2 


60 2 	

61 5 
62 2 	


63 	

64 	

66 4 	


67 3 	

68 3 
69 


70 4 	

71 2 


72 3 
73 !
"
#

#
74 2 
75 5 	

76 3 



77 3 


78 !
"
#

#
79 3 
80 4 	


82 4 	

83 1 




84 
87 5 
88 	


89 5 

"
90 5 

"
91 4 
92 4 	

93 1 



94 4 	


95 2 	

96 1 	

97 3 	

98 3 
99 	

100 3 	

101 	

103 2 
106 
107 3 !
"
#

#
109 
111 3 !
"
#

#
112 
113 3 !
"
#

#$ 
114 !
"
#

#
115 !
"
#

#
116 1 
117 !
"
#

#
118 
119 1 	
#
120 
121 
122 5 	


123 2 



124 5  

125 5 	


126 
127 4 	

130 5 %
%

131 4 
132 2 
133 1 
134 1  



136 4 
137 3 	

138 3 	

139 4 	

140 3 	

141 4 %
%

142 3 %
%

143 3  



144  



145 4 
146 5  



147 3  



152 	

153 3 	

154 1 	


155 2 


156 5 
158 4 
159 4 
160 4 
161 3 
162 4 
163 2 	

164 1 	

165 4 	

166 4 
167 5 	

168 3 
169 3 	

170 3 
171 
172 3 	

173 3 
174 3 	

175 5 
176 1 
177 1 	

178 4 	

&'(
179 4 	

180 2 
181 2 	

182 5 	

183 5 	

184 2 	


185 5 	

186 2 	

187 2 	

188 
189 5 

"
190 6 	

192 
194 

196 2 
199 1 %
%

200 1 

201 5 

"
202 
203 2 
204 1 
205 1 #

#


206 2 
207 5 
208 6 #

#


209 5 
211 
212 2 	

213 	

214 2 
215 5 	

216 2  

217 5 
218 5  

220 
221 
222 
223 
224 2 
225 2 
226 1 	

227 
228 
229 
230 
231 
232 
233 


234 	


251 %
%

252 
253 6 
256 1 
257 2 
258 
260 
261 
262 
263 
264 
265 
266 
267 
268 
269 
270 
271 5 
272 
274 	

275 6 

276 	

277 5 


278 5 
279 

280 
281 2 
282 5 
283 

284 5 
285 5 
286 2 	

287 5 
288 1 	

289 5 	

290 1 	

291 6 


292 
293 


294 


295 


296 5 	

297 2 
298 %
%

299 	

301 5 	


302 1 	

303 5 	

304 2 	

305 
306 2 
307 2 
308 5 
310 5 	

311 5 	

312 5 
313 5 
314 	


316 5 	

317 	

318 	

319 5 
321 
324 3 
325 4 
326 5 

327 2 
330 5 
331 
332 3 
333 5 
334 2 	

335 4 	

336 4 	

337 4 	

341 
343 4 %
%

345 4 
348 
350 2 
351 1 	

353 	

355 5 	

358 5 
359 
360 5 
361 %
%

364 
365 5 %
%

366 5  

367 4 
368 2 
369 2 	

370 4 
371 4 


372 6 	

373 5 


374 2 	

375 5 	

376 	

377 6  

378 
401 2 


403 1 
404 4 
405 5 
406 4 	

407 3 
408 
409 5 
410 1 
412 2 	

414 4 
415 4  

418  

419 2  

420  

421 
423 3 	

425 4 
426 4 
427 2 
429 
430 4 	

431 5 
432 5 
433 1 
435 
437 
438 
439 5 
440 1 



441 3 
442 1 
443 3 
444 
445 1 
446 2 
447 2 	

448 4 
449 4 



450 5 
451 2 
452 5 	

453 
454 	

455 1 	

456 6 	
#
457 1 
458 5 
459 
460 
461 1 	


462 2  

463 5 	

464 2 
465 6 
466 5 
467 5 	

468 5 	

469 5 	

Compar ison  groups: LENGTH 
diff lwr upr p adj
2-1 -0.1535990 -0.38529653 0.07809852 0.4369219
3-1 1.6464138 1.37285959 1.91996793 0.0000000
4-1 0.7260616 0.47673245 0.97539076 0.0000000
5-1 -0.5538818 -0.78619372 -0.32156988 0.0000000
6-1 -1.0005743 -1.42826852 -0.57287998 0.0000000
controls -1 0.3245134 0.01147324 0.63755354 0.0365863
3-2 1.8000128 1.55522769 2.04479784 0.0000000
4-2 0.8796606 0.66228334 1.09703788 0.0000000
5-2 -0.4002828 -0.59791042 -0.20265517 0.0000001
6-2 -0.8469752 -1.25686576 -0.43708473 0.0000001
controls -2 0.4781124 0.18987294 0.76635185 0.0000294
4-3 -0.9203522 -1.18188804 -0.65881627 0.0000000
5-3 -2.2002956 -2.44566226 -1.95492886 0.0000000
6-3 -2.6469880 -3.08191142 -2.21206459 0.0000000
controls -3 -1.3219004 -1.64474727 -0.99905346 0.0000000
5-4 -1.2799434 -1.49797543 -1.06191138 0.0000000
6-4 -1.7266359 -2.14674480 -1.30652692 0.0000000
controls -4 -0.4015482 -0.70414245 -0.09895398 0.0019591
6-5 -0.4466924 -0.85693057 -0.03645432 0.0229049
controls -5 0.8783952 0.58966163 1.16712876 0.0000000
controls -6 1.3250876 0.86430502 1.78587027 0.0000000
Compar ison  groups: SURFACE 
diff lwr upr p adj
2-1 -0.03166624 -0.04673904 -0.0165934395 0.0000000
3-1 0.07159105 0.05379532 0.0893867785 0.0000000
4-1 0.02670819 0.01048839 0.0429279940 0.0000348
5-1 -0.04397797 -0.05909074 -0.0288652032 0.0000000
6-1 -0.07053713 -0.09836026 -0.0427140098 0.0000000
controls -1 -0.00272948 -0.02309392 0.0176349619 0.9996873
3-2 0.10325729 0.08733309 0.1191814777 0.0000000
4-2 0.05837443 0.04423322 0.0725156406 0.0000000
5-2 -0.01231173 -0.02516815 0.0005446898 0.0705034
6-2 -0.03887090 -0.06553582 -0.0122059737 0.0004138
controls -2 0.02893676 0.01018569 0.0476878206 0.0001394
4-3 -0.04488286 -0.06189675 -0.0278689603 0.0000000
5-3 -0.11556902 -0.13153105 -0.0996069884 0.0000000
6-3 -0.14212818 -0.17042159 -0.1138347745 0.0000000
controls -3 -0.07432053 -0.09532294 -0.0533181195 0.0000000
5-4 -0.07068616 -0.08486997 -0.0565023563 0.0000000
6-4 -0.09724533 -0.12457500 -0.0699156559 0.0000000
controls -4 -0.02943767 -0.04912257 -0.0097527763 0.0002578
6-5 -0.02655916 -0.05324670 0.0001283722 0.0520387
controls -5 0.04124849 0.02246528 0.0600316965 0.0000000
among
Appendix 2: comparison among groups of each variable. Means were evaluated using a t-test 
with Tukey multiple testing correction (see Chapter 2)  
among
controls -6 0.06780765 0.03783201 0.0977833018 0.0000000
Compar ison  groups: DIAM 
diff lwr upr p adj
2-1 -0.048516525 -0.062971324 -0.0340617256 0.0000000
3-1 -0.062893604 -0.079959694 -0.0458275150 0.0000000
4-1 -0.047742642 -0.063297417 -0.0321878666 0.0000000
5-1 -0.003283816 -0.017776945 0.0112093132 0.9939588
6-1 0.054493209 0.027810858 0.0811755606 0.0000001
controls -1 -0.046090162 -0.065619643 -0.0265606803 0.0000000
3-2 -0.014377079 -0.029648365 0.0008942066 0.0799904
4-2 0.000773883 -0.012787526 0.0143352918 0.9999980
5-2 0.045232709 0.032903412 0.0575620060 0.0000000
6-2 0.103009734 0.077438097 0.1285813717 0.0000000
controls -2 0.002426363 -0.015555890 0.0204086160 0.9996749
4-3 0.015150962 -0.001165348 0.0314672728 0.0882551
5-3 0.059609788 0.044302217 0.0749173598 0.0000000
6-3 0.117386813 0.090253461 0.1445201662 0.0000000
controls -3 0.016803442 -0.003337848 0.0369447333 0.1714479
5-4 0.044458826 0.030856569 0.0580610823 0.0000000
6-4 0.102235851 0.076026722 0.1284449804 0.0000000
controls -4 0.001652480 -0.017225317 0.0205302774 0.9999743
6-5 0.057777025 0.032183702 0.0833703491 0.0000000
controls -5 -0.042806346 -0.060819424 -0.0247932674 0.0000000
controls -6 -0.100583371 -0.129329989 -0.0718367526 0.0000000
among
